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ABSTRACT
Molecular imprinting is a rapidly developing technique for preparation of
polymeric materials that are capable of high molecular recognition. The procedure of
making molecular imprinting polymers (MIPs) can be described by making an artificial
“lock” for a molecular “key”. Generally, when a template molecule, a functional
monomer and a crosslinker are mixed together in an organic solvent, a complex is formed
between the template and the functional monomer through polar interactions. Subsequent
polymerization with the crosslinker fixes the positions o f the polar groups of the
functional monomer. Finally, washing the template out leaves recognition sites that are
specific for the template molecules.
In this research, we prepared resins in a free radical polymerization o f 4Vinylpyridine (4-VP) and ethylene glycol dimethacrylate (EGDMA) in the presence of
(*S)-(+)-6-methoxy-a-methyl-2-naphtaleneacetic acid ((*S)-naproxen). The resin behaves
as if it contains cavities specific to (S)-naproxen. We report that the template molecule
(^-naproxen associates with the monomer molecule 4-VP through hydrogen bonding to
form the non-covalent complex prior to the polymerization; also from the FT-IR spectra
the hydrogen bonding might be responsible for the release and association procedures of
(^-naproxen in and out o f the cavities in the polymer resin. The results from high
performance liquid chromatography measurements of the binding of (5)-naproxen to the
resin are analyzed using a modified version o f the Scatchard equation and interpreted in
terms o f possible electrostatic interactions between the (S)-naproxen and the functional
groups on the interior surface o f the cavity.

PREPARATION AND CHARACTERIZATION OF
MOLECULAR IMPRINTING POLYMER WITH (*S)-NAPROXEN

CHAPTER 1 INTRODUCTION
1.1. Development o f molecular imprinting technology
Molecular recognition is a central feature o f life in which biological
macromolecules, such as proteins and nucleic acids, play decisive roles in biological
activities. Because such biological recognition involves simple interactions between
chemical units, the challenge o f synthesizing artificial molecules that are capable of
molecular recognition has drawn special attention to this field o f chemistry. In the effort
to obtain the host molecules with precise recognition o f guest species, these design,
synthesis, and evaluation are being intensely investigated in laboratories throughout the
world. However, the requisite multi-step preparative routes to the molecular receptor are
frequently complex and often provide only a low overall yield of the final product.1
An attractive approach to the preparation of “host” molecules that can recognize
“guest” species is “molecular imprinting”, a much simpler template polymerization
technique. In this method, precise molecular design is not necessary because a
crosslinked polymeric resin is prepared in the presence of a template. After the template
molecule associates with the functional monomers to form a covalent or non-covalent
bonded complex, the monomers and crosslinker are polymerized to form a resin.
Removal o f the template species leaves cavities in the polymer matrix. These cavities
retain the spatial features and bonding preferences for the template molecule, so the
imprinted polymer will selectively rebind the template from a mixture of chemical
species. Molecular imprinting has been successively applied to the creation of recognition
2

3

sites in synthetic polymers for a variety of small organic molecules, inorganic ions, and
even biological macromolecules.
Molecular imprinting has come a long way since its modest beginnings more than
sixty years ago. The original theoretical concept of molecular imprinting was from Linus
Pauling in the 1940’s who postulated the mechanism for the formation of antibodies.
However, the current interest in imprinted materials as artificial antibodies is attributed to
a landmark paper by W ulff and Sarhan in 1972. Particularly within the recent five years,
worldwide interest in molecular imprinting has increased at an almost exponential rate
and it is now estimated that over 100 academic and industrial research groups are active
in the world. To date, more than 747 articles and 126 reviews describing molecular
imprinting research have published in the open literature and a significant number of
patents are held in this area (Figure 1.1.)’ Especially with the widespread acceptance of
the non-covalent approach submitted by Mosbach from Sweden, the publication rate has
accelerated. In year 1997 the first major symposium session wholly dedicated to
molecular imprinting technology was held and the Society for Molecular Imprinting
(SMI) was founded. The 2000 international molecular imprinting polymer workshop held
in England presented an ideal opportunity for molecular imprinting, a fascinating topic.
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Figure 1.1. Molecular imprinting publications excluding review papers as a function o f year.
(Source: Society for Molecular Imprinting;4 the 2001 figure is the estimated number.)

1.2. Scheme to make molecular imprinting polymer
According to Emil Fischer’s famous "lock-and-key" analogy, the procedure of
making molecular imprinting polymers is usually described by making an artificial “lock"

A

B

C

D

Figure 1.2. “Lock and key” analogy for making MIP.
A. The selected key molecule is mixed with a variety of lock building blocks; B. The
building blocks and the key are allowed to, either firmly or loosely, attach to each other;
C. The formed complexes between the key and the building blocks are subsequently
"glued" together in order to fix the building block positions around the key; D. After
removing the molecular key, the remaining construction will be selective for the original
key and will not recognize any other key.

5

for a molecular “key” (Figure 1.2.). As the “lock and key” hypothesis5 describes, an
enzyme, which is large compared to the substrate, has clefts and depressions
complementary to the shape o f the substrate. Thus, the substrate fits like a key into the
lock o f the enzyme’s active sites.

1.2.1. Principle o f molecular imprinting technology
There are two basic approaches to make molecular imprinting polymer based on
the interactions between the template molecule and the functional monomers. One is the
pre-organized approach mainly developed by W ulff and his colleagues from Germany. It
employs a template-monomer complex containing reversible covalent bonds. The
advantage o f imprinting with covalent interactions is that it has allowed the structures of
imprinted cavities to be probed in detail. But the covalent system lacks flexibility because
o f the limits o f the choices o f monomers and templates.
Another is the self-assembly approach mainly developed by Mosbach and
coworkers from Sweden. It is widely accepted in the world now. Instead of using
covalent bonds, non-covalent bonds are used, such as hydrogen bonds, other electrostatic
interactions and metal ion coordination. Although the non-covalent imprinting system is
simple and convenient, each interaction is weak so that an excess of the functional
monomer should be used which may result in formation of a variety o f binding sites with
different affinities.
In some cases, a “hybrid approach” has been used. In the polymerization step, the
functional monomer is covalently bound to the template, but after cleavage of the
template from the polymer, rebinding takes place by non-covalent interaction.6

6

1.2.2.

Preparation o f molecular imprinting polymer

1.2.2.1. Choice o f target molecules
A wide variety o f imprint molecules has been used in various imprinting
protocols. A selection o f different substances is shown in Table 1.1. Compounds such as
drugs, amino acids, carbohydrates, proteins, nucleotide bases, hormones, pesticides and
co-enzymes have been successfully used for the preparation o f selective recognition
matrices.
Table 1.1. Class of the template molecules studied.4
Compound Class
drugs
amino acids
carbohydrates
proteins
nucleotide bases
hormones
pesticides
co-enzymes

Example
timolol, theophylline, diazepam, morphine, ephedrine
phenylalanine, tryptophan, tyrosine, aspartic acid
galactose, glucose, fucose
RNase A, Urease
adenine
cortisal, enkephalin
atrazine
pyridoxal

1.2.2.2. Functional monomers
The key step in the synthesis of MIP is the prearrangement o f monomers in the
presence o f a template molecule. The monomers are selected for their ability to interact
with the template by either non-covalent interactions or reversible covalent interactions
or metal ion-mediated interactions. Typical functional monomers used are (1) Acidic
monomers: acrylic acid, methacrylic acid, trifluoro-methacrylic acid, 4-vinylbenzoic acid
and itaconic acid, et al.\ (2) Heteroaromatic basic monomers: 2- and 4-vinylpyridine, 1and 4(5)-vinylimidazole, et al.\ (3) Neutral monomers: acrylamide, et al. (Figure 1.3.)
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(1) Acid monomers:
CF

COOH

'COOH

'CO OH

acrylic acid

trifluoro-methacrylic acid

methacrylic acid

.COOH

'COOH

4-vinylbenzoic acid

'COOH

itaconic acid

(2) Basic monomers:

V

2-vinylpyridine

4-vinylpyridine

1-vinylimidazole

4(5)-vinylimidazole

(3) Neutral monomers:
o

acrylamide
Figure 1.3. Selection o f functional monomers usually used in self-assembly imprinting.

Monomers containing a carboxyl acid group can bind to templates either through
ionic interactions with bases such as amines or through hydrogen bonding with amides,
alcohols, and carboxyl acids et a l Beginning in 1997, the neutral monomers such as
n

acrylamide showing strong hydrogen bonding have been used.

1.2.2.3. Crosslinkers
To preserve the integrity of the cavity in the resultant MIP, a very high degree of
crosslinking (70-90%) is necessary. The crosslinker’s type and quantity are critical
factors

for attaining high affinity to the template molecule.

Ethylene glycol

dimethacrylate (EGDMA) and trimethylolpropane trimethacrylate (TRIM) are widely
used (Figure 1.4.).

ch 3

CUs

ethylene glycol dimethacrylate

trimethylolpropane trimethacrylate

Figure 1.4. Crosslinkers usually used.

1.2.2.4. Porogens / Solvents
The porogen or solvent plays an important role in the molecular imprinting
process especially in the self-assembly system. It can not only give a macroporous
structure to the polymer morphology, but can also govern the strength o f non-covalent
interactions to allow the template molecule ready access to the imprinting sites.
Generally, the more polar the porogen, the weaker the resulting recognition effect
becomes, as a consequence o f the influence of the solvent polarity on non-covalent
interactions. The non-covalent interactions are dependent on the polarity o f the solvents,
as reflected by its dielectric constant, electron donating / accepting properties and
hydrogen donating / accepting capability. The best imprinting porogens, for optimizing
the binding strengths, are solvents of low dielectric constant, such as toluene and

9

dichloromethane, but the more polar solvents will at the same time compete with the
template molecules for the sites on the monomers. This results in poorer recognition. On
the other hand, the porogen influence on the structure o f the prepared polymers may
compensate for this apparent drawback on the specific surface area. For example,
acetonitrile, which is a polar solvent (dielectric constant, s = 36), leads to more
o
macroporous polymers than chloroform (e = 5). So surface area and macroporosity need
to be balanced with polarity when choosing the solvent in the prearrangement step and
the polymerization step.
In the recognition step, similar questions about the choice o f solvent still exist.
Since all non-covalent interactions are influenced by the properties o f the solvent, non
polar solvents normally lead to the best recognition. Recognition is diminished with more
polar solvents. Also, the morphology is affected since swelling o f the polymers is
dependent on the medium. Especially for many systems, swelling is most pronounced in
chlorinated solvents, such as chloroform and dichloromethane, as compared to, solvents
like acetonitrile and tetrahydrofuran.9 This swelling behavior may lead to changes in the
three-dimensional configuration of the functional groups taking part in the recognition in
the sites resulting in poorer binding capability. So, in order to avoid any swelling
problems, the best choice o f recognition solvent is generally either the imprinting
porogen or similar solvent although this is not necessarily a prerequisite.

10

1.3. Characteristics and applications of molecular imprinting polymer
1.3.1. Characteristics o f molecular imprinting polymer
Besides the more obvious recognition properties of MIPs, their physical and
chemical characteristics are highly appealing.8 Because o f their highly crosslinked nature,
they exhibit high physical and chemical resistance towards various external-degrading
factors. They are very stable against mechanical stress, elevated temperatures and high
pressures, resistant against treatment with acid, base or metal ions and stable in a wide
range o f solvents. They can be stored for several years at ambient temperature without
apparent reduction in performance. They can be used repeatedly in excess of 100 times
without loss o f the "memory effect". In comparison with natural biological recognition
sites, such as proteins, these properties are highly advantageous.

1.3.2. Applications of molecular imprinting polymer
Molecular imprinting preparation is simple and inexpensive and MIPs are very
stable in nature, which make them as the ideal counterparts and / or replacements for
molecular recognition entities prepared through rational design. There are four main areas
o f application for molecularly imprinted polymers: (1) Affinity separation; (2) Antibody
binding mimics; (3) Enzyme mimic for catalytic / synthetic applications and (4) Bio
mimic sensors.

1.3.2.1. Affinity separation
Affinity separation is the main application for imprinted polymers at present,
allowing preparation o f tailor-made supports with pre-determined selectivity. A wide

11

range o f print molecules, from small molecules, such as drugs, amino acids and
carbohydrates, to larger entities, such as proteins, have been used in various imprinting
protocols for separations.10
The tailor-made molecular imprinting materials have been extensively used as
chiral stationary phases for HPLC. The characteristic of these stationary phases is a pre
determined elution order o f enantiomers, which depends only on which enantiomeric
form was used as the template molecule. For instance, if an R-enantiomer is used as the
template molecule, the S-form will be eluted first and vice versa. Since most chiral drugs
on the market are still administered as racemic mixtures, racemic resolution o f drugs by
MIP is a major potential application.10
HPLC stationary phase packing materials are commonly prepared by bulk
polymerization. After fragmentation o f the resultant resin and sieving, the particles
obtained for packing are usually about 25 pm in diameter.

Q

(

But there exist some

limitations such as low capacity and heterogeneous binding sites. Some attempts have
been made to acquire MIP particles homogeneous with dimensions and morphology that
improve chromatography flow properties, which are dependent on particle size and
o
shape. Two different routes are reported: (1) grafting / coating of the MIP on pre-formed
particles, such as silica or poly-(trimethylolpropane trimethacrylate) particles,11 and (2)
preparation o f beads through suspension,12 emulsion13 or dispersion polymerization.14 In
this manner, spherical molecularly imprinted polymer particles with narrow size
distribution can be obtained, providing good flow performances in chromatography.
Some researchers15 predicted that the first commercial application of imprinted
polymers would be as selective solid phase extraction (SPE) media.
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1.3.2.2. Antibody binding mimics
MIPs were originally designed as antibody mimics. Antibody and receptor
binding

mimics

prepared by molecular imprinting

are

conceptually

attractive

complements to their natural counterparts. Some studies have demonstrated that MIP can
serve as artificial binding mimics of natural antibodies and be used as recognition
elements in immunoassay-type analyses.16 These molecularly imprinted sorbent assays
have been based on competitive radioligand binding protocols and their recognition of
related structures may be either non-existent or far below that of the original template
molecule.
The strength and the selectivity o f binding between an imprinted polymer and an
analyte in some cases are even better than those between an antibody and an antigen. In
17

an application sense, these antibody binding mimics (i.e. “plastic antibodies” ) offer a
rapid and inexpensive route into stable molecular recognition matrices in immunoaffinity
chromatography, immunoassays and immunosensors et al. Some recent immunoassay
related studies have focused on developing new assay formats that do not rely on radio
ligands such as fluorescence and electrochemical assays.
The polymeric nature of MIPs results in several advantages over natural
antibodies. For instance, the physical and chemical resistance of imprinted polymers
leads to the possibility o f sterilizing the polymers, the high durability ensures a high
stability o f the recognition properties, and the production cost is considerably lower.
Another obvious advantage is elimination of host animals in the antibody production.
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1.3.2.3. Enzyme mimic for catalytic / synthetic applications
One o f the most intriguing challenges for the use of molecularly imprinted
polymers is their use as enzyme mimics, which possess the high chemo-, substrate-, and
stereoselectivies o f enzymes but at the same time better accessibility, more stability and a
capacity to catalyze a larger variety of reactions. This was accomplished by transferring
the principles o f enzyme action to synthetic polymers.

1R

Several different strategies have

been pursued. The most common approach is the use of transition state analogues (TSAs)
in the imprinting protocol by stabilizing the reaction transition and enhancing the rate of
product formation. In addition to "real" catalysis, synthetic schemes where molecularly
imprinted polymers are used to guide the product formation may be outlined either
directly or indirectly.

1.3.2.4. Biosensor-like devices
One o f the most appealing applications developed in the area of molecular
imprinting is the use o f MIP as recognition elements in biosensor-like devices.
Normally, a sensing element, such as an enzyme, antibody or receptor, is
immobilized at the interface between the sensor and the analyte sample. A selective
chemical signal, resulting from the binding process o f the analyte to the recognition
element is subsequently transformed into an electrical signal, then amplified and
converted to a "manageable" format. Characteristic of these devices is the close proximity
between the sensing part and the transducing element. Given the poor chemical and
physical stability o f biomolecules, the possibility of substituting natural sensing elements
with MIP has a number o f potential advantages similar to those found with the antibody

14

substitutes mentioned before: they are far more stable and may perform in harsh
environments; they can be the only alternative in cases where no biological recognizing
element is found.10
For sensor-device applications, thin layers or polymer membranes have been
developed. The polymer is either directly cast as a thin layer on a surface or chip, or
alternatively, MIP particles are glued together using a particle binding agent obtaining
e.g. coated glass plates similar to those used in thin layer chromatography. The obvious
advantages with the direct approaches are that particle sizing is unnecessary and that the
sites left in the polymer are undamaged from any fragmentation or sieving process.
Given the advantages o f MIP over its natural counterparts, MIP has the potential
to become a highly resistant sensing element alternative.

1.4. Background o f this study
6-methoxy-a-methyl-2-naphtaleneacetic acid (naproxen) is a 2-arylpropionic acid
and a non-steroidal, anti-inflammatory drug (2-APA-NSAID). There are many different
types o f NSAIDs, including aspirin, naproxen (Aleve, Naproosyn), ibuprofen (Motrin,
Advil), ketoprofen (Orudis) et al. (Figure 1.5.) They work mainly by preventing the
formation o f prostaglandins, which contribute to the sensation o f pain and trigger
inflammation in many musculoskeletal pain conditions. The majority o f NSAIDs has one
chiral center and most NSAIDs in this category are administered as the racemic mixture,
with the exception o f naproxen, which is administered as the resolved S enantiomer. This
has stimulated extensive interest in the resolution of racemic 2-APA-NSAIDs.

15

CH,

,0H

(2)

0)

(3)
Figure 1.5. Examples o f 2-APA-NSAID.
(1) (5)-naproxen, (2) ibuprofen and (3) ketoprofen

High performance liquid chromatography (HPLC) is one of the most useful
chromatographic methods. HPLC is a well-developed analytical technique for separating
and determining the optical purity of chiral substances. Four major approaches involving
the separation o f optical isomers by HPLC are: (1) direct separation on chiral stationary
phases (CSPs), (2) derivatization with chiral / non-chiral reagents followed by resolution
on non-chiral / chiral stationary phases, (3) direct separation on an achiral stationary
phase with the use o f a chiral mobile phase additive, and (4) derivatization with a chiral
reagent and separation o f the resulting dioastereomers using an achiral support. All of
these separation types have been successfully applied to separate mixtures of the optical
isomers o f the a-methylarylacetic acid series of NSAIDs, such as naproxen and
ibuprofen.19 Enantiomeric resolution of NSAIDs is achieved by formation of
diastereomeic derivatives, such as amide derivatives, with an optically active reagent and

16

subsequent separation using HPLC or GC.20 The acidic nature o f NSAIDs precludes the
use o f most o f the commercially available HPLC CSPs for direct resolution.
Because o f the advantages and disadvantages identified with different methods,
researchers continue to study chiral separation methods for naproxen with good
sensitivity and high efficiency. In 1994, Mosbach’s group in Sweden first reported the
preparation o f a CSP for the enantioseparation o f (<S)-naproxen by non-covalent
•

•

molecular imprinting.

"91

•

•

•

•

By packing the column for HPLC, the chiral recognition ability

o f the tailor-made CSP using non-aqueous mobile phases was studied. Enantioseparation
applications o f MIP stimulated our interest too.
The majority o f imprinted systems has been applied for several very practical
purposes, but very few fundamental studies have been carried out to understand the
details about the mechanism o f the imprinting process. The amount o f template
molecules that can be effectively removed during the extraction procedure after
polymerization is seldom reported. In this study, we will prepare an MIP with (S)naproxen using a free radical polymerization technique as used by Mosbach’s group.
Instead o f packing an HPLC column and evaluating the M IP’s chiral recognition, the
commercial C l 8-silicon reversed column is used and the MIP properties in each washing
are studied.

17

REFERENCES
1. Chapter 1, Molecular and ionic recognition with imprinting polymers: A brief
overview. Maeda, M.; Bartsch R. A. Molecular and ionic recognition with
imprinted polymers, AC S Symposium Series, 1998, 703.
2. Pauling, L. J. Am. Chem. Soc. 1994, 60, 2643.
3. Wulff, G.; A. Sarhan A Angew Chem., Int. Ed. Engli. 1 9 7 2 ,11, 341.
4. http://www.ng.hik.se/~SMI/storv/MIT.htm, Ramstrom, O.
5. Garrett, R. H.; Grisham, C. M. Biochemistry, 2nd edition, Sauders College
Publishing, 1998.
6. Whitecombe, M. J.; Rodrigue, M. E.; Villar, P.; Vulfson, Y. N. J. Am. Chem. Soc.
1995,777,7105.
7. Yu, C.; Mosbach, K. J. Org. Chem. 1997, 62, 4057.
8. Ramstrom, O.; Ansell, R. J. Chirality 1998,10, 195.
9. Sellergren, B.; Shea, K. J. Chromatogr. 1993, 635, 31.
10. Chapter 3, Molecular imprinting: Status Artis et Quo Vadere? Mosbach, K.;
Haupt, K.; Liu, X.; Cormack, P. A. G.; Ramstrom, O. Molecular and ionic
recognition with imprinted polymers, ACS Symposium Series, 1998, 703.
11. Plunkett, S.; Arnold, F. J. Chromatogr. A, 1995, 708, 19.
12. Mayes, A. G.; Mosbach, K. Anal. Chem. 1996, 68, 3769.
13. Hosoya, K.; Yoshizako, K.; Tanaka, N., et al. Chem. Lett. 1994, 1437.
14. Sellergren, B. J. Chromatogr. A 1994, 673, 133.
15. Vlatakis, G.; Andersson, L. I.; Muller, R.; Mosbach, K. Nature (London) 1993,
361, 645.

18

16. http://ci.mond.org/9606/960615.html. Muldoon, M. T.; Stanker, L. H. Chemistry
and Industry Features, 1996.
17. Chapter 2, Molecular imprinting for the preparation of enzyme-analogous
polymers, Wulff, G.; Gross, T.; Schonfeld, R.; Schrader, T.; Kristen, C.
Molecular and ionic recognition with imprinted polymers, ACS Symposium
Series, 1998, 703.
18. Petterson, C.; Gioeli, C. J. o f Chromatogr. 1998, 435, 225.
19. Maitre, J. M.; Boss, G.; Testa, B. J. Chromatogr. 1984, 299, 391.
20. Kempe, M.; Mosbach, K. J. Chromatogr. A 1994, 664, 276.

CHAPTER 2 EXPERIMENTAL
2.1.

Chemicals
(£)-(+)-6-methoxy-a-methyl-2-naphtaleneacetic

acid

((5)-naproxen)

was

purchased from Aldrich and TCI America. 4-Vinylpyridine (4-VP), ethylene glycol
dimethacrylate (EGDMA) and 2,2’-azobisisobutyronitrile (AIBN) were from Aldrich. All
organic solvents were of analytical or HPLC grade.
(1)

(2)

Figure 2.1. Structures of the compounds used in the experiment.
(1) (5)-naproxen; (2) 4-VP; (3) EGDMA and (4) AIBN.

2.2.

Preparation o f molecular imprinting polymer

2.2.1. Pretreatments of chemicals
The polymerization inhibitor hydroquinone was removed from 4-VP and
EGDMA. 4-VP was purified by fractional distillation over KOH pellets under reduced N 2
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pressure; after EGDMA was washed by an ethyl acetate solution, it was purified by
extracting with 1% aqueous potassium hydroxide and drying over anhydrous magnesium
sulfate followed by rotary evaporation. AIBN was crystallized from ethanol. All
chemicals were stored in the freezer.

2.2.2. Synthesis o f molecular imprinting polymer
0.4600 g (^-naproxen (2 mmol), 1.29 mL 4-VP (12 mmol) and 11.32 mL
EGDMA (60 mmol) were added into a 125-mL flask with 18 mL tetrahydrofuran (THF).
After stirring in a 4°C bath for 1 hour, 0.1150 g AIBN was added into the flask. The
solution was immediately purged with nitrogen for 15 minutes, then irradiated for 48
hours with UV light from an ACE 7825-34 mercury vapor UV lamp (450 watts).
The bulk polymer that resulted was ground into a fine white powder using an
Emerson mixer / mill Model SPEX 8000 (USA) for 5 minutes. The powder was then
stirred with 50 mL THF for 24 hours. After vacuum filtration, polymer was collected.
The volume o f the filtered solution was measured and the solution was saved for high
performance liquid chromatography (HPLC) analysis.
A reference non-imprinted polymer was prepared using the same procedure
without addition of the template.

2.3. Fourier Transformation Infrared Spectra (FT-IR) study
2.3.1. FT-IR study before polymerization
The IR spectra of (5)-naproxen dissolved in THF solution, 4-VP dissolved in THF
solution and (5)-naproxen and 4-VP dissolved in THF were measured at 4 cm '1resolution
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between 1000 and 4000 cm"1. The solvent THF spectrum was subtracted from the
background. The concentrations o f (*S)-naproxen and 4-VP in THF were same as those in
the polymerization reaction. 3-5 fi L of liquid sample was placed by a Pasteur pipette
into the CaF2 cell, which is specified for the Perkin-Elmer Spectrum 1600 F T - I R
instrument.

2.3.2. FT-IR study of solid molecular imprinting polymer
Infrared spectra were obtained for resins prepared as described in 2.2.2. above.
Resins with and without the template were studied. The ground MIP powders before and
after (*S)-naproxen extraction (see 2.4. below) were dried in a vacuum oven at about 70°C
for 2 hours to remove THF. The MIP powder sample (2-3 mg) was finely ground in a
mortar. Then 150 mg of ground and dried KBr was added to the mortar and quickly
mixed with the MIP sample. The mixture was transferred to a die and pressed into a solid
disk. After about 1.5 minutes, the two bolts attached to the die were removed, leaving the
KBr disk mounted in the Perkin-Elmer Spectrum 1600 FT -IR instrument.
The IR spectra were measured between 1000 and 4000 cm '1 with a 4 cm"1
resolution.

2.4. Extraction experiments
After the first washing with THF only (see 2.2.2. above), the polymer resin was
dispersed into a solution containing 35 mL of THF and 15 mL of acetic acid (7:3, v/v)
and stirred for 24 hours at room temperature. The polymer was then separated by vacuum
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filtration. The same washing procedures were repeated for another two times and all the
filtered solutions were saved for HPLC analysis.

2.5. Chromatography analysis
2.5.1. Equipment
A Waters 490 E High Performance Liquid Chromatography (HPLC) system was
used with a Waters 600 E pump and a variable wavelength detector. The HPLC
evaluation was carried out using a C l 8-silica reversed phase column (Alltech,
econosphere C l 8 3p, 50 mm * 4.6 mm). THF/ H 2O (60:40, v/v) was the mobile phase. A
0.025-mL sample was injected under the flow rate o f 1.0 mL/min, and the elution was
monitored by absorption o f 260 nm radiation. The separation was performed at room
temperature.

2.5.2. Calibration o f the standard (5)-naproxen solution
0.0500 g (*S)-naproxen was dissolved in 25 mL THF to make a 0.0020 g naproxen
/ ml THF mother solution, then the mother solution was diluted in a series of
concentrations (Table 2.1.) which were saved for HPLC analysis.
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Table 2.1. Preparation of the standard (*S)-naproxen solutions.
g (*S)-naproxen / mL THF
A: 0.0015
B: 0.00125
C: 0.0010
D: 0.0008
E: 0.0005
F: 0.00025
G: 0.0002
H: 0.0001
I: 0.00008
J: 0.00005

Mother Solution (mL)
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

THF (mL)
0.33
0.60
1.00
1.50
3.00
7.00
9.00
19.00
24.00
39.00

H20 (mL)
0.89
1.07
1.33
1.67
2.67
5.33
6.67
13.33
16.67
26.00

2.5.3. HPLC analysis for the washing solutions
Most o f the MIP resin was separated from the washing solution by suction
filtration. Then small amount o f residual resin that passed through the filter was removed
using an IEC HN-SII centrifuge running at 2000 rpm for 10 minutes. The HPLC sample
was prepared by diluting 0.10 mL washing solution into 1.00 mL of THF and 0.73 mL of
de-ionized H 2 O.

CHAPTER 3 RESULTS AND DISCUSSION
3.1. Literature review
Mosbach’s Swedish group was the first to report an MIP study o f (^-naproxen.1
Then between 1997 and 2001 a Japanese group studied the similar system but used a
different method to prepare the MIP of (iS)-naproxen.2
The Swedish group prepared the MIP by a free radical polymerization technique,
which was followed by crushing, grinding, and sieving of the polymer to produce the
packing material for HPLC.
The goal o f the Japanese group was to develop an MIP for simultaneous trapping
o f (^-naproxen and its metabolites in biological fluids, so they developed the multi-step
swelling and thermal polymerization method with water as the suspension medium
followed by hydrophilic surface modification techniques to make the uniformly sized
MIP particles.3 Also, they employed the aqueous-rich mobile phases for HPLC. In their
multi-step swelling thermal polymerization method, the uniform-sized polystyrene (PS)
seed particles were prepared as the shape template by emulsifier-free emulsion
polymerization. The seed particles, which were about 1 pm in diameter were swollen in a
good solvent that contained the template, EGDMA and 4-VP. Then the polymerization of
EGDMA and 4-VP was carried out at 50°C under argon with slow stirring. The template
was extracted from the resin with THF and methanol. An HPLC column was still packed
by the traditional slurry packing method, and the retentivity and enantioselectivity of MIP
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were studied. By their method, the separation factor for the enantioselectivity of (S)naproxen (1.74) was obtained, an improvement over that of Mosbach (1.65).
In this study we focused on understanding how the template molecule (S)naproxen is captured by and released from the MIP during the prearrangement procedure,
before the polymerization, and during the washing procedures. The free radical
polymerization technique was employed to prepare a synthetic polymer selective for (S)naproxen. An outline o f the scheme is presented in Figure 3.1. (»S)-naproxen was used as
the template and 4-VP was chosen as the functional monomer. It has previously been
shown that 4-VP is efficient in the preparation of molecularly imprinted polymers
selective for N-protected amino acids.4

ch2

(5)-naproxen
o

EGDMA

Prearrangement
—

— —

H3c
►

'o

H C=CH 2

Polymerization

Dissociation

UV, 4°C / 48 hours

Association
(Extraction with
THF and acetic acid)

+

HaC

(S)-naproxen

Figure 3.1. Scheme of making MIP for (5)-naproxen.
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3.2. FT-IR results and analysis
3.2.1 FT-IR study o f interaction between (5)-naproxen and 4-VP before polymerization
The interaction between 4-VP and (5)-naproxen is important in imprinting and
recognition. An FT-IR study was performed with 4-VP and (5)-naproxen in THF
separately and together to look for evidence of hydrogen bonding between these two
species before the UV initiation. The background spectrum of THF has been subtracted in
the FT-IR spectra shown in this section.

m/m/27 sm .38
X: 4 scans.. 4 ,0 c it s - l

0)

(b)

Figure 3.2. Part of FT-IR spectrum of (*S)-naproxen in THF: (a) OH stretch
absorption at 3501.3 cm '1; (b) C-O stretch absorption at 1735.6 cm '1.
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Figure 3.3. Part of FT-IR spectrum o f 4-VP in THF.

Figure 3.4. Part o f FT-IR spectrum of (S)-naproxen and 4-VP in THF
(with the same molar ratio as in the reaction): (a) OH stretch absorption at 3040.4
cm '1; (b) C -0 stretch absorption at 1732.8 cm '1.
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Figure 3.5. Carbonyl stretch absorption comparison of (S)-naproxen in THF
(solid line) and (5)-naproxen and 4-VP in THF (dot-dash line).

The carboxyl group is the most commonly used hydrogen bonding functional
group in molecular imprinting.5 Hydrogen bonding between (*S)-naproxen and 4-VP in
THF solvent before the polymerization (Figure 3.1.) leads to binary molecular
arrangements. It has been found that O

H

O and N

H

O hydrogen bonds are

the strongest among all kinds o f hydrogen bonding complexes containing only one
hydrogen bond.5
The (S)-naproxen FT-ER. spectrum in Figure 3.2. shows a strong peak at 3501 cm '1
due to OH stretching, which is unfortunately partly affected by the solvent THF
background; the other peak o f interest is the carbonyl stretch absorption at 1736 cm"1,
which is close to the carbonyl stretch absorption (1730 cm '1) of solid (S)-naproxen
reported from measurements on a KBr pellet.6 A portion of the ER spectrum o f 4-VP in
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THF is shown in Figure 3.3. In the FT-IR spectrum o f (6)-naproxen and 4-VP in THF
(Figure 3.4.), the OH stretch absorption is shifted to 3040 cm '1; the carbonyl stretch
absorption is shifted to the lower energy centered around 1733 cm '1 and the band is
broadened in the direction of lower wave numbers (Figure 3.5.). We attribute this to
hydrogen bonding weakening the carbonyl bond, resulting in a lowering of the carbonyl
frequency.
FT-IR spectra are consistent with hydrogen bonding between the template (S)naproxen and the monomer 4-VP during prearrangement prior to the polymerization.

3.2.2. FT-IR study o f molecular imprinting polymer before and after (5)-naproxen
extraction
FT-IR measurements were carried out in order to examine the interaction of
template with the polymer. The change of the stretch absorption of the carbonyl group
was studied. For reference, the spectrum o f the 4-VP and EGDMA resin with no
imprinting molecule was determined (Figure 3.6.). Here the carbonyl stretch absorption
from the EGDMA unit occurs at 1739 cm '1. The FT-IR spectra o f the imprinted polymer
before and after the template extraction (Figure 3.7. and Figure 3.8.) show that there was
high absorption o f the carbonyl peak near that wave number after extraction o f (S)naproxen from the imprinted polymer, i.e. the carbonyl stretch absorption peak is shifted
from 1726 cm '1 to 1734 cm '1. It was known that hydrogen bonding moves the carbonyl
stretch to the lower energy. This suggests that the template molecule may interact through
hydrogen bonding in this MIP network and the hydrogen bonding may be responsible for
the selectivity o f the template.
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Figure 3.6. FT-IR spectrum for the MIP without (S)-naproxen as the template.
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Figure 3.7. FT-IR spectrum for the MIP before (*S)-naproxen extraction.
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Figure 3.8. FT-IR spectrum for the MIP after (5)-naproxen extraction.

3.3. (<S)-naproxen washing analysis
3.3.1. HPLC results o f the standard (S)-naproxen solutions
The concentration o f (»S)-naproxen in the washings from the MIP was determined
from the response o f the UV-absorption detector on the HPLC. The response was
calibrated with the standard solutions of (5)-naproxen dissolved in the same THF and
water solvent mixtures used with the washings.
0.025 mL of each standard (5)-naproxen solution was injected into the HPLC
under the flow rate of 1.0 mL/min. The UV absorption results are shown in Figure 3.9.
The peak area was plotted as a function of the concentration. The results can be
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represented by equation y = 8.550*10 11 * j c - 9.678 *10 6, which was obtained by the
method of least squares.
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Figure 3.9. HPLC chromatograph o f the standard (*S)-naproxen solutions.

Table 3.1. HPLC results of the standard (5)-naproxen solutions.
Sample
A
B
C
D
E
F
G
H
I
J

Concentration
(g (*S)-naproxen / mL THF)
0.0015
0.00125
0.0010
0.0008
0.0005
0.00025
0.0002
0.0001
0.00008
0.00005

Area* 1O'7
(mV*sec)
1.65
1.52
1.21
0.944
0.600
0.323
0.264
0.0919
0.0876
0.0585
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Fig 3.10. Calibration graph for the standard equation o f («S)-naproxen solutions.

3.3.2. Washing analysis from HPLC
Two resins were prepared with the template (*S)-naproxen (experiment 1 and 2),

0.58
0.48
0.38
0.28

2

0.18
0.08

-

0.02
0.70

0.90

1.10

1.30

1.50
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Time (min)
—♦ — Washing No. 1
Washing No. 3
—JK— Washing No. 1 of Control

—■ — Washing No. 2
Washing No. 4
—©— Washing NO. 2 of Control

Figure 3.11. HPLC chromatograph of four consecutive washings o f experiment 1
and its control experiment 3.
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and for a control, one resin was synthesized without (5)-naproxen (experiment 3). Each
was washed four times: first with THF, then three times with a THF-acetic acid solution.
The concentration o f (S)-naproxen in the washings was determined with the UV detector
on the HPLC.

Table 3.2. Calculations of each washing of experiment 1, 2 and 3.
Experiment 1 Experiment 2 Experiment 3
Initial (*S)-naproxen added
(g)
Volume o f washing No. 1
(mL)
Peak area of washing No. 1
(mv*sec)
Mass o f (*S)-naproxen in
washing No. 1 (g)
Volume o f washing No. 2
(mL)
Peak area o f washing No. 2
(mv*sec)
Mass o f (^-naproxen in
washing No. 2 (g)
Volume o f washing No. 3
(mL)
Peak area of washing No. 3
(mv*sec)
Mass o f (*S)-naproxen in
washing No. 3 (g)
Volume o f washing No. 4
(mL)
Peak area o f washing No. 4
(mv*sec)
Mass o f (*S)-naproxen in
washing No. 4 (g)
Total (5)-naproxen washed out
(g)
Percentage o f (S)-naproxen
washed out (%)

0.4600

0.4600

0.0000

24.00

28.00

17.40

6.18E+06

6.21E+06

0

0.1369

0.1606

0

33.20

33.50

30.00

3.63E+06

3.51E+06

0

0.1098

0.1070

0

37.00

29.00

/

1.62E+06

1.80E+06

/

0.0524

0.0460

/

37.00

35.00

/

8.50E+05

7.50E+05

/

0.0256

0.0210

/

0.3248

0.3345

/

70.6%

72.7%

/
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Figure 3.11. shows the HPLC chromatograph of the four washings from
experiment 1 and the control, which is designed experiment 3. There was no (S)naproxen in the control experiment; consequently there is no (^-naproxen peak in its
HPLC chromatograms. The masses o f (^-naproxen washed out were calculated from the
peak area and the standardization equation. Table 3.2. lists the experimental results and
calculations o f two experiments with (*S)-naproxen and the one control experiment. With
successive washings, the amount of (6)-naproxen extracted is decreased. After the fourth
washing, at least 70% o f the (*S)-naproxen has been washed out in the solution. There is
still a certain amount o f (6)-naproxen left in the resin. Cormack and Mosbach also
reported observing that < 5% o f the template remained permanently entrapped within the
polymer network.7

3.4. Binding characteristics analysis of molecular imprinting polymer with (»S)-naproxen
In a biochemical study o f ligand binding, it was observed that measurements of
the binding affinity and binding stoichiometry between molecules and macromolecules
can provide essential information on topics from mechanism to specificity. The Scatchard
equation (see below) is one o f the useful equations used in ligand binding analysis.
Because the mechanism in molecular imprinting polymers is similar to that in ligand
binding, the Scatchard equation can be applied to study the binding performance o f MIP
with (6)-naproxen in each washing.
Let T symbolize the template (S)-naproxen in the washing solution, M symbolize
the empty sites for (6)-naproxen in the polymer resins and MT symbolize the (S)naproxen in the MIP. Because the washing procedure is an equilibrium procedure, (S)naproxen cannot be washed out totally from the MIP. The same conclusion has already
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been reached from the calculation in Table 3.2. Suppose after each washing, the cavities
left have the same properties and only these cavities are considered during each washing
procedure, the reversible model reaction is expressed as:

Dissociation
•OH

Association
(Extraction with
THF / Acetic Acid)

MT

4

hi
k. i

*

M + T.

Define [M] as the concentration of empty sites in resin (mmols of sites / g of
resin); [T] as the concentration o f (A)-naproxen in solution (mmol/L) and [MT] as the
concentration o f (*S)-naproxen bound in resin at equilibrium (mmol / g of resin), which
can be calculated by subtracting the moles of free template from the moles of the initial
substrate.
At equilibrium, the rate of the forward reaction equals the rate of the reverse
reaction

The equilibrium binding constants may then be defined either as a dissociation
constant( K d )
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d

K,

[M][T]

k_t

[MT]

or as an association constant or affinity constant ( K a )

'

ft_,

[M r]

*♦.

[JW ][r] '

Another property of template-binding site interactions is saturability; that is, only
a finite number o f specific binding sites exist per unit o f resin. The maximum number of
the binding sites for the mass o f resin is designated as «max .
nm^ = [ M ] + [MT}
Combining this with the definition of K d above, yields
J _ = ^mx. _ J
[21
K d '[MT]

L
Kd

which is the Scatchard equation. Thus, plotting the reciprocal of the template
concentration in solutions (1/[T]) against the reciprocal of the concentration of bound
template (1/[MT]) should yield the equilibrium binding constant ( K d ) and the maximum
number o f binding sites ( « max) from the intercept and slope.
The data obtained from experiment 1 and experiment 2 (Table 3.3.) were plotted
in Figure 3.12 according to the Scatchard equation.
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Table 3.3. Calculations related to the Scatchard equation.

Initial mass o f (^-naproxen
(g)
Total mass o f resin
(g)
Washing No. 1 with THF
Mass o f (S)-naproxen in washing No. 1
(g)
Mass o f (6)-naproxen bound in the resin
(g)
[T]l
(mmol/L)
[MT]1
(mmol/g)
Washing No. 2 with THF and Acetic Acid
Mass o f (*S)-naproxen in washing No. 2
(g)
Mass o f (S)-naproxen bound in the resin
(g)
[T]2
(mmol/L)
[MT]2
(mmol/g)
Washing No. 3 with THF and Acetic Acid
Mass o f (*S)-naproxen in washing No. 3
(g)
Mass o f (*S)-naproxen bound in the resin
(g)
[T]3
(mmol/L)
[MT]3
(mmol/g)
Washing No.4 with THF and Acetic Acid
Mass o f (5)-naproxen in washing No. 4
(g)
Mass o f (*S)-naproxen bound in the resin
(g)
[T]4
(mmol/L)
[MT]4
(mmol/g)

Experiment 1

Experiment 2

0.4600

0.4600

12.7396

13.8716

0.1369

0.1606

0.3231

0.2994

24.80

24.94

0.11

0.09

0.1098

0.1070

0.2133

0.1924

14.38

13.89

0.07

0.06

0.0524

0.046

0.1609

0.1464

6.16

6.90

0.05

0.05

0.0256

0.021

0.1353

0.1254

3.01

2.61

0.05

0.04
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Figure 3.12. Scatchard plot to estimate the binding nature of MIP with (*S)-naproxen.

Table 3.4. The Scatchard equations o f experiment 1 and 2.

Scatchard Equation:
1
[7]

" m ax

1
[MT]

1
Kd

(mmol/L)

" m ax

(mmol/g)

y = 0.0063* - 0.0164

61

0.38

_y = 0.0493x - 0.7362

1.4

0.07

_y = 0.0054* - 0.0173

58

0.31

y = 0.0653* -1.2782

0.8

0.05

Experiment 1

Experiment 2
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Neither o f the Scatchard plots (Figure 3.12.) is linear. Rather there may be two
distinct sections in the plots. As shown in Figure 3.12, the slopes and intercepts for lines
drawn for washings No. 1 and No. 2 are similar for the two experiments. Similarly, the
slopes for lines drawn for washings No. 3 and No. 4 are similar for the two experiments
(Table 3.4.). The first data point at small 1/[MT] may be slightly affected by the facts that
only THF was used for the first washing and that THF and acetic acid was used for the
other three washings.
The results shown here would be observed if there were two different sorption
sites with different binding affinities. Interpreted in this way, we find K d to be ca. 60
mmol/L for the weaker binding sites and 1.1 ± 0.3 mmol/L for the stronger binding sites.
The concentration o f these sites is 0.35 mmol of sites per gram o f resin for the weaker;
0.06 mmol/g for the stronger. The concentrations can be compared to 0.16 mmol of (S)naproxen template per gram o f resin initially used in the synthesis.
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CHAPTER 4 CONCLUSIONS
A synthetic polymer selective for (*S)-naproxen has been successfully made by
using a free radical polymerization technique. From FT-IR measurements, we found that
the template molecule (*S)-naproxen associates with the monomer 4-VP through hydrogen
bonding to form the non-covalent complex prior to the polymerization; also the hydrogen
bonding controls the release and association procedures of (*S)-naproxen in and out of the
cavities in the polymer resin.
By monitoring the absorbance of the template molecule («S)-naproxen in each
washing procedure by HPLC, the (*S)-naproxen binding strength was studied. From the
results o f the Scatchard equation plots, a two-site model is proposed: sites where the
binding between resin and (*S)-naproxen is weak (large K d or small K a) are twice as
numerous as the potential cavities formed by the template ( « max= 0.35 mmol sites per
gram o f resin vs. 0.16 mmol template per gram of resin). These weaker sites may be
present even for resin prepared in the absence of template. Additional experiments will
have to be performed to test this. The hypothesized stronger-bonding sites are the ones
formed when the template molecules are extracted from the resin. These are the ones
specific to the template.
The preliminary study in this thesis indicates that the present preparation and
characterization systems meet all the requirements, which might allow a complete and
quantitative investigation o f the imprinting process to be made at the molecular and
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macromolecule levels. However, to understand more about the property of the molecular
recognition o f MIP, packing our own HPLC column to study the retentivity and
enantioselectivity o f the synthesized MIP is necessary. To clarify the difference between
the binding sites, more experiments are needed, such as testing the (*S)-naproxen
rebinding with resins that have not been imprinted with (jS)-naproxen to prove that the
binding sites specific for («S)-naproxen require (*S)-naproxen as the imprinting template;
using only THF or THF and acetic acid for the four washing and extraction procedures of
the MIP with (*S)-naproxen to identify the existence o f the weaker adsorption binding
sites and the stronger absorption binding sites. Also in order to improve the
characteristics o f the binding sites and the morphology o f the MIP, trying another solvent
in the polymerization or even different polymerization methods will be the objects of
future research.
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